A Ab bs st tr ra ac ct t The dynamic pressures exerted on a vertical wall due to cnoidal waves have been investigated in presence and absence of model vegetation on its seaside. The pressures were measured at 3 different elevations along the wall. Tests were conducted with waves of constant height of 0.11m, with its period was varying between 5 and 20secs, thus covering a wide range of Ursell parameter varying between 18 and 700. The model vegetation was positioned adjacent to the wall on its seaside. All the vegetal characteristics including their rigidity are carefully modelled. The peak pressures (p max ) were extracted from the measured time series and are presented in a dimensionless form as a function of parameters governing the characteristics of waves and plantation. Two types of configurations of the green belt with the individual stems of vegetation fixed in tandem and staggered arrangement were considered for the tests. The study indicates that the staggered arrangement of plantation is more effective in attenuating the incident waves.
1. . I IN NT TR RO OD DU UC CT TI IO ON N
The lessons through the post mortem of tsunami 2004 has revealed that a number of coastal structures like walls of buildings exposed to the direct attack of the tsunami flow suffered maximum damage, compared to the ones fronted by vegetation. Thus, the understanding the effect of long waves on the coastline and structures has become an important topic in the coastal engineering practice. The behaviour of the vegetation as soldiers on the seaside of the coastal structures is expected to serve as a buffer and effective attenuators of the incident waves that needs to be critically examined. With this as the background, a comprehensive experimental program was taken up to investigate on the dynamic pressures due to cnoidal waves exerted on a wall in the absence and presence of vegetation (green belt). The vegetative parameters, like the width of the green belt, its position from the structure under consideration, diameter of the individual stems, their rigidity as well as the spacing between them were varied so as to obtain a holistic view of the chosen wave vegetation interaction problem. The experimental study was carried out with two kinds of configuration of the green belt, viz., the individual stems in a tandem fashion and the individual stems in a staggered fashion. A critical review of the literature on the subject matter chosen for the study is discussed below. (Kathiresan and Rajendran, 2005) , through a post tsunami survey have characterized the loss of life according to the nature of the coast, which proved that vegetation play a dominant role in the reduction of the inundation distance and the run-up level. (Mazda et al., 1997) has indicated that a mangrove forest of 1.5Km width would be effective in reducing the incident wave height by about 30%. It was also stated that the rate of reduction depends on water depth, wave period and wave height, the type of mangroves, its density as well as the diameter of the roots and trunks of the mangroves.
The studies reported by (Mascarenhas and Jayakumar, 2008) , has indicated that large stretches of the coast of Tamil Nadu (South East of Indian Peninsula) with thick casuarina forest has served as excellent wave attenuators during the great Indian ocean Tsunami of 2004. The studies also has reported that coconut and palm trees also served as effective energy dissipating agent against the ocean waves, which were not affected by the forces due to tsunami. (Chada et al., 2005) have stated that the sea water intrusion in areas covered by thick vegetation is less as well as the shoreline of such stretches was less affected as compared to open lands in Andaman, as stated by (Jain et al., 2005) . (Furukawa et al., 1997) through an experimental investigation demonstrated that the dissipation of waves depends on the density of the forest and the diameter of the trunks of the trees. Further (Mascarenhas, 2004) has indicated that the casuarinas although gets eroded during storms survive wind speed of even 100km/h, which supports that they can serve as bio-shields and serve as soldiers in reducing the effect of natural coastal hazards due to extreme events like tsunami or storm surge.
The results from experimental and numerical studies on the attenuation of incident wave energy by coastal forest including mangroves carried out by (Hamzah et al., 1999) , (Harada and Imamura, 2001) and (Tanaka et al., 2006) are found to be similar. An integrated coastal vegetation management system that includes a community participation and awareness programme at Matara City, Srilanka, is a pilot project in order to achieve a sustainable and long lasting bio-shield, the details of which are reported by Tanaka (2009 ). An empirical model to estimate the transmission of waves past a vegetation patch was proposed by (Mendez and losada, 2004) . Through an experimental study (Irtem et al., 2005) concluded that the reduction in run-up heights due to the propagation of tsunami over a beach slope of 1:5 was to an extent of about 45%. A few methodologies to reduce the impact due to earthquake and tsunami disaster have been suggested by (Hiraishi, 2005) . The experimental results of (Hiraishi and Harada, 2003) has demonstrated that the extent of reduction to the tsunami heights offered by greenbelt was similar to that in coastal dikes and the rate of reduction increased with an increase in the density of the greenbelt. A relation between the forest density and the diameter of trunk was obtained through the field survey of control forest by (Harada and Imamura, 2005) through which tsunami reduction effects was evaluated.
The review of literature has shown that while considerable work has been carried out in the past on the pressures on walls due to random waves and not much information is available on the pressures on walls fronted by vegetation, in particular, due to long waves. The above said aspect is focussed through a well controlled experimental program. The effects of two different configurations of individual stems of the vegetation, viz., tandem (stems fixed in tandem) and staggered on the reduction in pressures on a wall on its leeside are presented and discussed in this paper.
2. . E EX XP PE ER RI IM ME EN NT TA AL L I IN NV VE ES ST TI IG
GA AT TI IO ON NS S 2 2. .1 1 D Di im me en ns si io on nl le es ss s P Pa ar ra am me et te er rs s Although the quantification of friction factor and energy loss past vegetation is of primary interest that has practical relevance, modelling the characteristics of vegetation and its interaction with waves still remain a challenge. The following are the variables associated with the wave vegetation interaction problem.
Vegetal Response = f (ρ, g, h, H, T, BG, l, SP, E, L, D, B s, D b, 
Where, ρ = mass density of water; g = gravitational acceleration; h = depth of water; H = wave height; T = Wave period; B s = width of the structure; D = diameter of the vegetation; D b = diameter at the root 170 Role of Vegetal Configuration on the Pressures Due To Cnoidal Waves on a Wall of the vegetation; BG = width of green belt; f 1 = frequency of first mode of the vegetal stem; l = height of the vegetation; SP = centre to centre spacing between vegetation; E = modulus of plant stiffness; L = wave length; β = beach slope; U max = maximum velocity under waves. Herein, h refers to, h s = depth of water at the toe of the structure. A dimensionless analysis has resulted in the parameters (BG*SP/D 2 ) and (h s / (g*T 2 )). The model dimensions and the nondimensional parameters adopted for the present study are reported in Table. 1. The ursell parameter (HL 2 /h 3 )covered a range of 18 to 700. 2 2. .2 2 M Mo od de el li in ng g t th he e G Gr re ee en n B Be el lt t The hydro-elastic interaction of the flow with vegetal stems necessitated the selection of a suitable material for model to represent coastal vegetation for laboratory study. The Young's modulus, E serves as a guiding parameter for this purpose. The common timber would have an E value in the range, 10.05 GPa (10 9 pascals) to 15 GPa, whereas, the mangrove has one of the highest E value of about 20.03 GPa. In order to cover the said wide range of E, a reference value of 14 GPa has been assumed for the field which had to be modelled for the laboratory tests. In order to scale down the prototype values and to identify the model material, assuming that the flow is due to storm surge or tsunami, and considering also the experimental ranges of flow (including velocities and flow depth), a scale ratio of 1:40, was adopted. This would mean that the E value for the model material should be about 0.35 GPa, which is quite difficult to identify. The most practical option for achieving the above is to consider EI as a single parameter for scaling the rigidity. For the present study, the material considered is Poly Ethylene having a E value of about 3.8 GPa which is about ten times that of the required value thus enabling the modelling of rigidity by compensating with the variation in I of the material. Having chosen the material for the model stems, the typical prototype dimensions of vegetal stems were fixed in the range of 100mm -400mm. Accordingly, using the Froude model law of scaling, the rigidity with the scale factor of [SF] 5 -the base diameter for model vegetation will fall in the range of 1.65 -5.5 mm. The base diameter as arrived above only ensures that the bending action of the vegetal stems is properly scaled. Thus herein, the advantage of modelling the rigidity rather than Young's modulus is clearly brought out. However, for greater accuracy in simulating the interaction of the flow and stems, the hydrodynamic forces need to be correctly scaled as per Froude's Law. Considering, drag/inertia force Ursell parameter = 18 to 700
regime (Chakrabarti, 1983 ) the corresponding diameters for the exposed part of vegetal stems were arrived. The variations in the stem diameters for the two different model cylinders are pictorially represented in Figure 1 . In order to ensure that the change in diameter does not affect the bending behaviour of the model vegetation, a small clearance is provided between the base and the section, where, the diameter changes from lower to a higher value as can be seen in the above figure. It is to be noted that, the diameter at the root is used only for the calculation of EI of the vegetal stems.
3. . E EX XP PE ER RI IM ME EN NT TA AL L D DE ET TA AI IL LS S 3. .1 1 G Ge en ne er ra al l
The present experimental study was carried out in a wave flume with dimensions, 72 m long, 2.0 m wide and 2.7 m deep, in Department of Ocean Engineering, Indian Institute of Technology Madras, India. The wave generating system is capable of generating tandem, random waves, Cnoidal and solitary waves. In order to carry out simultaneous testing of different configurations the flume was partitioned longitudinally into three parts each of which had a width of 0.66 m. For instance, plan and elevation views of the test set-up for conducting tests with a vertical wall model fixed with pressure sensors in the absence of vegetation on its seaside, with the wall fronted by vegetation in tandem configuration and by vegetation in staggered configuration are shown in Figure  5 . A typical test set-up is shown in Figure 6 . All the pressure measurements were carried out due to Cnoidal waves with period of 5 s, 10 s, 15 s and 20 s. For each of the said wave period, its height was 0.11 m. Only one wave height was used since the main objective of pressure measurements is to arrive at the best vegetal configuration (staggered or tandem) for force and Run-up measurements.
4. . R RE ES SU UL LT TS S A AN ND D D DI IS SC CU US SS SI IO ON N 4. .1 1 V Va ar ri ia at ti io on n o of f P P* * a al lo on ng g t th he e W Wa al ll l
The variations of dimensionless pressure, P* (= p max /γH, where γ is the unit weight of water) along the vertical wall, as a function of (BG*SP/D 2 ) by maintaining a constant h s /gT 2 were plotted. It is to be mentioned herein that the H is the wave height measured at the toe of the slope and hence is the same for all the configurations. The variation of P* along the wall (three z/h s ) for three scenarios, namely ( As the wall is exposed to the action of shallow water waves, the variations in the dynamic pressures along its depth is found to be insignificant for any particular configuration of the test set-up. Further, the results clearly indicate a reduction in the pressures along the wall in the presence of vegetation. In general it is observed that the pressure reduces by minimum of about 10% to a maximum of about 35%. Further, the reduction in pressure is observed to be almost twice with the vegetation in staggered configuration than that of the tandem configuration. Furthermore, the pressure near the free surface (z/h s = -0.05) is less than that at the mid location of the pressure port, while, the bottom most (z/h s = -0.85) port generally measured the least pressure. In some of the cases, the location closer to the bed is found to experience higher pressure. This is because while, the bottom most pressure transducer is expected to have the least dynamic pressure based on hydrodynamic characteristics of waves, the reduction in the pressure at the top most transducer is not usually expected. Further, in cases, where, the vegetation is dense (higher BG/D and lower SP/D) in relation to the stem diameters, higher containment of the reflected wave is observed that leads to higher pressures at the bottom most pressure Figure 8a to Figure 8d . The results clearly reveal that for any (BG*SP/D 2 ), the pressure on the wall is the least for the staggered vegetal configuration on its seaside and higher pressure reduction is observed for longer waves (least h s /gT 2 ). This indicates that the plantation will be more effective against long waves such as tsunami or storm surge. The indicative non-dimensional pressures with the vegetation, as given by this pressure reading, will be about 0.6-0.9 and 0.7-1.3 respectively for vegetation in staggered and tandem configuration as against 0.75-1.45 with out the structure fronted by vegetation. It is to be noticed that the above values are for 0.000025 < h s /gT 2 < 0.0004 and 96 < (BG*SP/D 2 ) < 8333. In order to clearly understand the role of (h s /gT 2 ) for a given vegetal parameter, (BG*SP/D 2 ), the P* is plotted against the wave parameter h s /gT 2 for pressures at all the three levels of the vertical wall and a constant vegetal parameter and the same are given from Figure 9a to Figure 9l indicating that the plantation can be more effective against long waves. The pressure reduction in all cases of (BG*SP/D 2 ) is significantly better for the staggered configuration than the tandem configuration.
The above results have shown that the pressure recorded by the bottom most sensor happens to be the least in most cases, while, the top and middle ports sensed pressures of almost of same magnitude. Further, the middle pressure transducer which was mounted at 0.055m (z/h s =-0.45) from the bottom of the vertical wall was chosen as a reference location for quantitative understanding of the effect of placement of vegetation on pressures on the wall. The pressures sensed by the middle port of the wall, un-vegetated on its sea-side, were considered as a trend -indicator (as this port mostly measured the maximum pressure ) of pressure for a particular wave characteristic and the pressure induced on the same port fronted by vegetation in tandem and staggered configuration are investigated. The percentage reduction in pressure, is defined as [(pressure without vegetation -pressure on the wall with tandem or staggered configuration)/ pressure without vegetation] x100 is obtained and presented.
Such variation of percentage reduction in P * as a function (BG*SP/D 2 ) is shown in Figure 10 for staggered and Tandem configuration of vegetation. It can be clearly seen that the staggered configuration has a clear advantage in terms of pressure on vertical walls fronted by vegetation in staggered configuration in their immediate vicinity. The pressure reduction in the staggered configuration is almost twice compared to the vegetal parameters (BG*SP/D 2 ) considered in this study. The physical reason for such a behaviour of P * in relation to vegetal configuration is that the momentum is continuously dissipated at all cross sections starting from the sea-front to the lee-side of the vegetation due to staggered arrangement of the vegetation. This does not happen in case of tandem configuration of vegetation as redevelopment of the flow may not be effectively achieved. Even though, this demonstrates that staggered configuration effectively reduces pressures on the wall, this observation may not be distinctly valid in case of a gap introduced between the lee-side of the The parameter (BG*SP/D 2 ) appears to be reasonable to quantify the effect of vegetal placement. Increasing SP/D corresponds to an increase in the spacing between the individual stems within the green belt, leading to an inferior green belt, for which BG is wider. It was observed that a dense vegetal placement reduces pressure as for (BG*SP/D 2 ) of 750 the percentage reduction in pressure increase, with an increase in the green belt width by about 25-30%. From the results observed in the above figure (BG*SP/D 2 ) of 750 (D=0.01m, SP=0.075m and BG=1.m) it is seen that the maximum percentage reduction of pressure to an extent of about 33%. For the same vegetal parameter of 750, the wall fronted by tandem type of vegetation has a percentage of pressure reduction of about 21%. The lowest percentage reduction of pressure obtained in the tandem type of vegetation is found to be an order of 7% for a vegetal parameter of 93 (D=0.01m, SP=0.0375m and BG=0.25m). From these results, D being the same, the percentage reduction of pressure being higher for higher (BG*SP/D 2 ) could be due to the larger BG or larger SP. However, larger SP will allow more transmission of energy past the vegetation leading more pressure and hence, the percentage reduction of pressure being higher for higher (BG*SP/D 2 ) should be due to the increase in BG. As already mentioned, the larger diameters of the vegetal stem with smaller spacing belong to densely placed vegetation. Even for the densely placed vegetation, the effectiveness depends on the total group rigidity of the vegetal stems. It means that the width of the Green belt has an important role to play. From the above plot, it is obvious that the Green belt of vegetal parameter of 375 which belongs to coarsely placed vegetation, is capable of reducing more pressure due to larger width of the Green belt of BG = 1m.
As stated earlier in the present study, the variation in rigidity is achieved by varying the diameter of the stems. From the results it is seen that for a lesser spacing between the vegetation is less (SP=0.0375m) and with the larger diameter (D=0.01m) adopted has been found more effective in reducing the pressures on the wall. Further, the reduction is found to be more for wider green belt, larger BG. The percentage reduction in pressure is to an extent of about 24.4%, 31.3% and 33.4% for the (BG*SP/D 2 ) of 93, 234 and 375 respectively.
On the other hand, for (BG*SP/D 2 ) = 2083, 5208 and 8333, i.e., the spacing between the vegetation is more (0.075m) and the diameter of the vegetation is (0.003m) smaller, which refers to the effect of flexibility. Unlike the rigidity effect, due to the reflected waves there is a drop in percentage of pressure reduction for (BG*SP/D 2 ) = 5208, is 21.9% whereas (BG*SP/D 2 ) = 2083 and 8333 have 29.6% and 33.1% of percentage reduction in pressure respectively.
For the other six (BG*SP/D 2 ) = 187, 468, 750, 1041, 2604 and 4166, the above mentioned two effects contribute to the percentage of pressure reduction, except for the case of (BG*SP/D 2 ) = 2604. For instance consider the (BG*SP/D 2 ) = 187 and 1041, in which case, the width of the green belt is 0.25m with two different diameters (0.01m and 0.003m) and two different spacing's (0.0375m and 0.075m) has a percentage reduction of 28.4% and 30.5% respectively. Similarly for (BG*SP/D 2 ) = 750 and 4166, the percentage reduction was found to be 33.9% and 30.3% respectively.
In order to have a clear idea on the influence of the different parameters within the vegetal parameter, the variation of percentage reduction of pressure with the vegetal parameter, (BG*SP/D 2 ), by maintaining constant SP/D are plotted for (BG*SP/D 2 ) less and greater than 1000 in Figure11a and 11b respectively. It is now clearly observed that the variation of percentage reduction of pressure is found to gradually increase as the vegetal parameter, (BG*SP/D 2 ) increases from 93 to 750, whereas, such a trend in the variation is not observed for a further increase in the vegetal parameter. Hence, it can be concluded that Higher (BG*SP/D 2 ) will be effective in attenuating the long wave induced pressures and the dependence of SP/D will be minimal for (BG*SP/D 2 ) more than about 600 as indicated by the above figures.
5. . C CO ON NC CL LU US SI IO ON NS S
A systematic experimental study and careful investigation of pressures induced on vertical walls fronted by vegetation in wave flume have been carried out for cnoidal waves with Ursell parameter between 18 and 700. The investigations reveal that the staggered configuration of the vegetation will be more effective in attenuating the waves, thus leading to lesser pressures on a vertical wall on its leeside for all the flow and vegetal parameters considered in the study. The pressure reduces by a minimum of about 10% (in tandem configuration) to a maximum of about 35% (in staggered configuration). The reduction in pressures on the wall fronted by staggered vegetation is almost twice that due to the presence of tandem configuration. The indicative non-dimensional pressure, P* will be about 0.6-0.9 and 0.7-1.3 respectively for vegetation in staggered and tandem configuration in front of the structure for 0.000025 < h s /gT 2 < 0.0004 and 96 < (BG*SP/D 2 ) < 8333 in the range of Ursell's parameter between 18 and 700. The effect of spacing of the vegetation will be negligible for (BG*SP/D 2 ) more than 600.
